1. Introduction {#sec1}
===============

*Streptococcus pneumoniae* is the leading cause of bacterial diseases such as sepsis, meningitis and pneumonia. Due to high mortality rate and the global burden of disease, especially in children under 5 and elderly, the National Institutes of Health (NIH) has paid more attention to pneumococcal disease in recent years \[[@bib1]\]. The high-cost of antibiotic therapy and increasing resistance of pneumococcus to current antibiotics, suggesting vaccination against *S. pneumoniae* as the best method for prevention of disease, according to Centers for Disease Control and Prevention (CDC) report (<https://www.cdc.gov/pneumococcal/about/prevention.html>). \[[@bib2]\]. The pneumococcal vaccine development is mainly based on surface antigens, including immunogenic proteins and carbohydrates \[[@bib3]\]. The 23-valent streptococcus pneumoniae polysaccharide vaccine (PPV) and 7, 10, or 13-valent pneumonia conjugated vaccines (PCV-7, 10, −13) are carbohydrate-based vaccines and stimulate serotype-specific immunity \[[@bib4]\]. Up to now, the 23-valent pneumoniae polysaccharide vaccine is still applied in elderly and the Pcv-7 as a routine vaccine for children in some countries; however, the vaccine does not cover some serotypes, especially in elderly. PCV10 and PCV13 as the next generation of vaccine could cover more *S. pneumoniae* serotypes. However, the serotype replacement strategy of pneumococcal infections causes reducing the efficacy of this group of vaccine \[[@bib5]\]. Thus, it is necessary to design an efficient novel vaccine. The epitope-based pneumococcal vaccines are the last generation of vaccines that are in the pipeline \[[@bib2]\]. In this context, pneumococcal surface protein A (PspA) that is located on the surface of bacteria, and choline binding protein A (CbpA), as the most crucial protective surface antigens, have been introduced as vaccine candidate \[[@bib6]\]. Another important vaccine candidate is pneumococcal histidine triad (Pht) protein family, including PhtE and PhtD as the conserved member of Pht expressed in pneumococcal pathogenesis \[[@bib7]\]. Other pneumococcal proteins that have shown potential as an efficient vaccine candidate and are needed for full virulence of *S. pneumoniae* in animal models are pneumococcal iron ABC transporters, including two lipoprotein components, PiuA and PiaA \[[@bib8]\]. In general, the majority of epitope-based vaccines can cause induction of cellular or/and humoral immunity as well as offer a safer and more easy-produced alternative for the prevention of diseases; however, the low immunogenicity is the main disadvantage of such types of vaccines. For solving this problem, several methods have been used to enhance the immunogenicity epitopes vaccines, like prescribing the multiple doses of vaccine, adding immunostimulatory agents such an adjuvant to the vaccine \[[@bib9]\], and the recent strategy is applying self-assembled peptide motif including beta-sheets or coiled-coil structures in the epitope vaccine \[[@bib10]\]. Besides above-mentioned strategies, incorporating universal T-helper epitopes like diphtheria toxoids (DTD) into vaccine can enhance vaccine efficacy. DTD is the most essential components of diphtheria vaccines that are widely used as a universal T-helper \[[@bib11]\]. In some cases, the low efficacy of epitope peptide-based vaccines may be according to their fast extracellular degradation, rapid distribution from the injection site and inefficient uptake by antigen-presenting cells (APCs) \[[@bib12],[@bib13]\]. Several investigations have shown that linking the epitope vaccine to certain carriers (e.g., polymeric or lipidic nanostructures) can develop the efficacy of vaccine via conferring to aforesaid obstacles \[[@bib13], [@bib14], [@bib15]\]. In this context, designing epitope vaccine bases on self-assembled peptide nanoparticles (SAPN) scaffold, which acts as an antigen-presenting system, is a novel strategy. Moreover, the SAPN vaccines have self-adjuvanticity, without any toxicity; in this regard, it can bypass the low immunogenicity of the epitope peptide vaccine. In this study, CD4 epitopes were selected from PiuA, PhtD antigens, and CD8 epitopes were chosen from PspA, CbpA antigens of *S. pneumoniae*; moreover, the DTD was determined as universal T-helper compartment. All selected CD4 and CD8 epitopes were inserted between the pentamer and trimer oligomeric domains, which can construct self-assembled structures. Additionally, all segments were fused to each other by the appropriate linkers. The immunoinformatics and structural evaluations of the designed vaccine, showed that it can induce proper immunity against *S. pneumoniae*; however, experimental immunological tests should confirm the efficacy of our vaccine.

2. Methods {#sec2}
==========

2.1. Designing fusion protein {#sec2.1}
-----------------------------

At the first step, the amino acid sequences of PspA (Accession no. FJ668667), CbpA (Accession no. LN847353), PhtD (AE007317), PiuA (Accession no. CNWI02000107) of *Streptococcus pneumonia* (AE014074.1) were retrieved from National Center Biotechnology Information (NCBI) at [www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov){#intref0015} in FASTA format. The PspA and CbpA were applied for selecting cytotoxic T lymphocytes (CTL) epitopes, PhtD and PiuA were used for selectin helper epitopes, moreover DTD was employed as a universal T-helper. Moreover, to generate our self-assembled vaccine the pentamer and trimer oligomeric domains, which respectively form 5-stranded and 3-stranded coiled-coils were added to vaccine construct. In the next step, each part of the vaccine, including CD4^+^ epitopes CD8^+^ epitopes, universal T-helper, and the pentamer and trimer oligomeric domains were fused by proper amino acid linkers. According to the order of vaccine parts, four different constructs were built.

The schematic structures of the four designed vaccine constructs are shown in [Fig. 1](#fig1){ref-type="fig"} .Fig. 1The schematic diagram of the four designed vaccine construct consists of helper epitopes (PhtD and PiuA), CTL epitopes (CbpA and PspA), the pentamer and trimer oligomeric domains form 5-stranded and 3-stranded coiled-coils and conserved amino acid residues of DTD as a universal T-helper, which fused together by proper linkers.Fig. 1

2.2. Structural evaluates {#sec2.2}
-------------------------

### 2.2.1. Physicochemical characterization {#sec2.2.1}

The instability index, theoretical isoelectric point (pI), grand average of hydropathicity (GRAVY), extinction coefficients, estimated half-life, and aliphatic index of the designed vaccine construct were evaluated by the ProtParam server at <http://web.expasy.org/protparam/> \[[@bib16]\]. The solubility of the different proteins was predicted by the Protein--Sol server at <http://protein-sol.manchester.ac.uk>. Protein--Sol employs a fast sequence-based method for predicting the solubility of protein based on available data for *Escherichia coli* protein solubility \[[@bib17]\]. The solubility value greater than 0.45 is defined to have a higher solubility than the average soluble *E. coli* protein. In addition, fold propensity, and net charge for per amino acid can be profiled in calculation along the sequence \[[@bib18]\]. SOLpro at <http://scratch.proteomics.ics.uci.edu> was another server used for solubility prediction based on overexpression in *E. coli*; its prediction method is based on a two-stage SVM architecture, and the accuracy of the server is about 74%.

### 2.2.2. Exposability of amino acids to solvent and evaluation of the secondary structure {#sec2.2.2}

The secondary structure of the protein sequence was defined by RaptorX-Property at <http://raptorx2.uchicago.edu/StructurePropertyPred/predict/>. The RaptorX-Property server can evaluate the structure-property of a protein sequence via the template-free method. In this server, the secondary structure (SS) and solvent accessibility (ACC) of the input sequence are predicted through a powerful machine learning model called Deep Convolutional Neural Fields (DeepCNF) \[[@bib19]\]. The \~84% Q3 accuracy for 3-state SS, \~72% Q8 accuracy for 8-state SS, \~66% Q3 accuracy for 3-state solvent accessibility, obtained for the server.

2.3. Protein modeling {#sec2.3}
---------------------

The I-TASSER software at <http://zhanglab.ccmb.med.umich.edu/I-TASSER/>, and the GalaxyTBM software at <http://galaxy.seoklab.org/softwares> were used for generating the 3D structure of the four designed vaccine constructs and based on the obtained results, the best models were selected.

According to CASP12 (critical assessment of methods of protein structure prediction) data, I-TASSER is ranked at the top server for automated protein structure modeling. The I-TASSER prediction method includes four successive steps: 1) threading (secondary structure projection and template selection) 2) structural fragment assembly applying a modified replica-exchange Monte Carlo simulation method. 3) Selection of the model through employing clustering structure decoys and refinement by fragment-guided molecular dynamics simulation (FG-MD) or ModRefiner, and lastly, 4) structure-based biological function annotation. I-TASSER introduces C-score as a confidence score for assessing the overall quality of the model \[[@bib20]\]. UCSF chimera and Discovery studio 3.5 software were employed for visualizing a 3D model of the protein. GalaxyTBM (template-based modeling) predicts protein structure from the sequence when experimental structures of homologous proteins are available as templates and refines loop or terminus regions by ab initio modeling.

2.4. Refinement and validation of the 3D modeled structure {#sec2.4}
----------------------------------------------------------

All structures were refined by the GalaxyRefine server at <http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE> \[[@bib21], [@bib22]\]. The server refines the protein model via loop modeling and overall structural relaxation that is performed through molecular dynamics simulation \[[@bib23]\]. The server is among the best available web servers for structure refinement according to the CASP10 assessment. Then all 3D refined structures were compared, and the models were validated by the ERRAT server at <http://nihserver.mbi.ucla.edu/ERRATv2/> \[[@bib24]\], Ramachandran Plot Assessment at ([http://mordred.bioc.cam.ac.uk/\~rapper/rampage.php](http://mordred.bioc.cam.ac.uk/%7Erapper/rampage.php){#intref0060}) \[[@bib25]\], Verify-3D at <http://services.mbi.ucla.edu/Verify_3D/> \[[@bib26]\] and proSA-web at <https://prosa.services.came.sbg.ac.at> \[[@bib27]\]. The overall quality score is known as an indicator of Prosa-Web and calculated by analyzing atomic coordinates of the model. The ProSA-web z-score is represented on a plot, that contains the z-score of experimentally identified structures, which are available in PDB. The Ramachandran plot validates the protein model through evaluating the residue-by-residue stereo chemical qualities of models. In ERRAT server, the specific atomic interactions are considered to determine the correct and incorrect defined regions of protein structures, and plos the value of the error function versus position of a 9-residue sliding window, analyzed by comparison with statistics from a database of reliable high-resolution crystallography structures.

2.5. Protein homo-oligomer structure prediction {#sec2.5}
-----------------------------------------------

The GalaxyHomomer server at <http://galaxy.seoklab.org/>homomer was applied to predict protein homo-oligomers structure from its monomer structure subunit. Either a sequence or PDB of the monomer can be used as input. The server, according to the accessibility of suitable oligomer templates, predicts five homo-oligomer structures through three strategies, 1) sequence similarity-based approach, 2) structure similarity-based approach, 3) ab initio docking approach. Recently the developed model refinement methods, GalaxyLoop, GalaxyRefineComplex, have been integrated into the GalaxyHomomer that can improve the quality of the model \[[@bib23],[@bib28],[@bib29]\]. The performance of this server was better than other accessible methods verified on benchmark sets \[[@bib30],[@bib31]\].

2.6. Conformational B-cell epitopes prediction {#sec2.6}
----------------------------------------------

After the 3D modeling of protein was done, to predict the conformational B-cell epitopes DiscoTope 2.0 server at <http://www.cbs.dtu.dk/services/DiscoTope/>was applied. In this server the final score was calculated by two methods: a) contact numbers derived from surface accessibility, b) a novel epitope partiality amino acid score \[[@bib32]\]. The default threshold, sensitivity and specificity of the server were −3.7, 0.47, 0.75 respectively.

2.7. The antigenicity and allergenicity evaluation {#sec2.7}
--------------------------------------------------

The ANTIGENpro server at <http://scratch.proteomics.ics.uci.edu/> \[[@bib33]\] and the VaxiJen v2.0 server at <http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html> were applied for antigenicity analysis \[[@bib34]\]. ANTIGENpro is a sequence-based, alignment-free and pathogen-independent predictor, with about 76% accuracy. Moreover, VaxiJen applies alignment-independent method that is based on auto cross-covariance transformation of protein sequences into uniform vectors of principal amino acid features. The accuracy of the server is in the range of 70%--89% depending on the selected target organism (Bacteria, tumor, fungal, parasite, virus).

Two servers, the AllergenFP v.1.0 at <http://ddgpharmfac.net/AllergenFP/> \[[@bib35]\], and the Algpred at <http://www.imtech.res.in/raghava/algpred/> \[[@bib36]\] were used for evaluating of allergenicity. In AllergenFP, to discriminate allergens from non-allergens, an alignment-independent descriptor-based fingerprint method is used; the descriptors are hydrophobicity, size, relative abundance, helix and beta-strand of protein. The sensitivity, specificity, and accuracy of the server are about 87%, 90%, and 88%. AlgPred employs a combination of different approaches (SVMc + IgEepitope + ARPs BLAST + MAST) to predict the allergenicity. The server accuracy is estimated 85% at a threshold −0.4.

2.8. MD simulation studies {#sec2.8}
--------------------------

MD simulation is known as a unique technique for better understanding of biological systems. The use of this tool has recently expanded significantly \[[@bib37],[@bib38]\]. In this work, MD simulation was carried out on the monomeric chain and homodimer structure, which chosen by docking process (GalaxyHomomer server). MD simulations were performed for the intended systems using Gromacs 5.0.7 package \[[@bib39]\] with Amber99sb-ildn force field \[[@bib40]\]. Both systems were solvated in a triclinic box of TIP3P water molecules with a minimal distance of 12 Å from any edge of the box. Moreover, the concentration of 150 mM of NaCl (physiological conditions) was added to neutralize the systems. The Particle Mesh Ewald (PME) method and the LINCS algorithm were used to calculate long-range electrostatic interactions and constrain all bonds, respectively. The non-bonded cutoff of 10 Å was used. Firstly, the prepared systems were minimized using the steepest descent algorithm. The first equilibration step was done under NVT ensemble at 300 K during 500 ps. This step was followed by a 3000 ps NPT equilibration run at 1 bar pressure and 300 K temperature. The velocity rescaling with *τ* ~t~ = 0.1 ps and Parrinello-Rahman barostat algorithms with *τ* ~p~ = 0.5 ps were used for the temperature and pressure coupling, respectively. Finally, MD production run was performed for 150 ns under equivalent conditions at 1 bar and 300 K. The time step of 2.0 fs was applied, and the output files were saved every two ps for the further analyses.

3. Results {#sec3}
==========

3.1. Fusion vaccine design {#sec3.1}
--------------------------

According to our previous study, the final CD4 helper epitopes were selected from PiuA antigen (aa 29-47), (aa 69-107), (aa 138-157), and PhtD antigen (aa 91-110), (aa 401-436), and (aa 567-593). Moreover, the CD8 CTL epitopes were selected from PspA antigen (aa 400-430), (aa 454-470), and (aa 494-511), and CbpA antigen (aa 61-108), (aa 283- 298), and (aa 316- 324) \[[@bib41]\]. Additionally, the fragments (aa 271-290) and (aa 331-350) of DTD was chosen as T-helper. The pentamer sequence, WQTWNAKWDQWSNDWNAWESDWQAWKDDWAEWRALWM, and trimer sequence, RLLLRLER, EALEALARFVANLSMRLA, and RNESR were chosen as the self-assembled motifs. According to the sequence of CD8 CTL epitopes (PspA, CbpA) and CD4 helper epitopes (PiuA, PhtD) 4 following sequences were designed ([Fig. 1](#fig1){ref-type="fig"}), and [Table 1](#tbl1){ref-type="table"} .Table 1The four different arrangements of designed sequences as self-assembled epitope peptide vaccine candidates consist of PspA, PiuA, linkers, pentamer and trimmer structures, and universal T helper (DTD).Table 1

*3.2*. Structural analyses of constructs {#sec3.2}
----------------------------------------

### *3.2.1*. Physicochemical characterization {#sec3.2.1}

Theoretical PI, number of amino acid, estimated protein half-life in mammalian, yeast, and *E. coli*, aliphatic index, GRAVY, stability, and solubility of the designed structures are shown in [Table 2](#tbl2){ref-type="table"} .Table 2Evaluation of physicochemical features of four designed sequences.Table 2SequencesNumber of amino acidspIEstimated half-lifeAliphatic indexextinction coefficientsGRAVYStabilitySolubilityProtein-sol serverSol-pro serverSeq. 12714.942.8 h in mammalian\
3 min in yeast\
2 min in *E. coli*78.71112870\
Abs 0.1% (=1 g/l) 3.765−0.26420.74\
Stable0.4600.61981Seq. 22765.001.3 h in mammalian\
3 min in yeast\
3 min in *E. coli*80.7273450\
Abs 0.1% (=1 g/l) 2.377−0.53725.78\
Stable0.6900.79912Seq. 32765.342.8 h in mammalian\
3 min in yeast\
2 min in *E. coli*74.13117340\
Abs 0.1% (=1 g/l) 3.871−0.39426.82\
Stable0.4930.70609Seq. 42815.221.3 h in mammalian\
3 min yeast\
3 min *E. coli*76.1977920\
Abs 0.1% (=1 g/l) 2.494−0.65931.66\
Stable0.6630.87598

### 3.2.2. Exposability of amino acids to solvent and evaluation of the secondary structure {#sec3.2.2}

The secondary structure elements, solvent accessibility, and disordered position of vaccine construct were predicted by RAPTORX ([Table 3](#tbl3){ref-type="table"} ); moreover, details of prediction results are shown in [Fig. 2](#fig2){ref-type="fig"} .Table 3Evaluation of predicted Secondary structure by RAPTORX.Table 3Sequence NumberSecondary structureSolvent accessPositions predicted as disorderedSequence 124%H, 26%E, 49%C[a](#tbl3fna){ref-type="table-fn"}31%E, 36%M, 31%B[b](#tbl3fnb){ref-type="table-fn"}2(0%)Sequence 255%H, 9%E, 35%C46%E, 21%M, 32%B52(18%)Sequence 314%H, 35%E, 50%C40%E, 35%M, 24%B12(4%)Sequence 456%H, 3%E, 39%C62%E, 17%M, 20%B59(20%)[^1][^2]Fig. 2Detailed prediction results for (a) Secondary structure prediction (SS) for 3-state: alpha-helix, beta-sheet and coil (b) The relevant solvent accessibility(ACC) is divided into three states by 2 cutoff values: 10% and 40% so that the three states have equal distribution. Buried for less than 10%, exposed for larger than 40% and medium for between 10% and 40% Exposability of amino acids to solvent and evaluation of secondary structure.Fig. 2

*3.3*. Protein modeling, refinement, and validation of the 3D modeled structure {#sec3.3}
-------------------------------------------------------------------------------

The 3D structure of the four designed vaccine constructs were modeled by the I-TASSER and Galaxyweb software. Galaxyweb and I-TASSER provided five and two models respectively for each sequence. All structures were refined by the GalaxyRefine. Finally, the refined structures were compared, and the best model was validated by the ERRAT server, Ramachandran Plot, Verify-3D [\[]{.ul}26[\]]{.ul} and proSA-web. The results are presented in supplementary Tables ([Tables S1 and S2](#appsec1){ref-type="sec"}). According to GalaxyWeb results, model-1 of sequence-1, model-5 of sequence-2, model-5 of sequence-3, model-4 of sequence-4 were selected; Additionally, based on I-TASSER results, model-2 of sequence-1, model-1 of sequence-2, model-1 of sequence-3, and model-2 of sequence-4 were chosen. Finally, the model-5 of sequence-2 obtained from GalaxyWeb was selected as the best model for the following steps ([Table 4](#tbl4){ref-type="table"} ).Table 4The high-score 3D models obtained from four designed sequences by GalaxyWeb server.Table 4Validation methodSequence 1 Model 1Sequence 2[a](#tbl4fna){ref-type="table-fn"} Model 5Sequence 3 Model 5Sequence 4 Model 4Ramachandran plotFavored regions%93.9**94.9**93.193.9Allowed regions%4.1**3.6**6.65.4Outlier regions%2.2**1.5**0.40.7ERRAT (quality factor)88.235**94.4882**72.586986.4469Verify 3D score%61.99**60.87**83.3356.23Prosa-web−2.98**−3.19**−2.95−3.62[^3]

3.4. Protein homo-oligomer structure prediction {#sec3.4}
-----------------------------------------------

The homo-oligomer of our protein was predicted by the GalaxyHomomer.

Five homo-oligomer structures were predicted with the given oligomeric states ([Tables S3 and S4](#appsec1){ref-type="sec"}). Based on docking results, the 2-mer structure of the protein possessed the best score (docking score = 1220.742) between 2, 3, 4, 5, 6, 7-mer structures ([Table 5](#tbl5){ref-type="table"} ). Afterwards, the best 2-mer models were subjected to refinement process. Finally, the initial homomer model and the best-refined homomer model were validated by Ramachandran plot, Verify3D, and Prosa-web. The quality of the protein geometry was evaluated by applying Ramachandran plot, Verify 3D, and ProSA z-score. In the primary model, 94.9%, 4.7%, and 0.4% of residues were located in favored, allowed, and outlier regions, respectively, whereas, in the refined model, 95.6%, 4%, and only 0.4% of residues were placed in favored, allowed, and outlier regions, respectively. The Verify 3D result showed that in the initial model 52.61% of the residues had an average 3D--1D score, while in the refined model the Verify 3D score was 58.12. The Prosa-web z score of initial model was −3.69 that reach to −3.94 in final model.Table 5The best docking models among different homo-oligomer structures (2, 3, 4, 5, 6, 7-mer).Table 5Model NoNumber of subunitsInterface areaDocking score12-mer[a](#tbl5fna){ref-type="table-fn"}2005.51220.74123-mer2417.3614.20334-mer4918.5633.43545-mer6167.4726.40056-mer7548.3860.87767-mer9546.9804.326[^4]

3.5. Conformational B-cell epitopes prediction {#sec3.5}
----------------------------------------------

Conformational B-cell epitopes play a significant role in humoral immunity, thus the tertiary structure of the final vaccine was exploited as an input for conformational epitope prediction through DiscoTope. There were 97 B-Cell epitope residues identified out of 276 total residues at a DiscoTope score threshold of −3.7 that are shown in [Table 6](#tbl6){ref-type="table"} .Table 6Conformational B-cell epitopes determined from protein vaccine using DiscoTope 2.0 server.Table 6NumberResidue NumberAmino AcidDiscoTope score11LYS2.99122TYR1.65733LEU1.5844ARG2.99355GLU2.56966LEU1.47877ASN1.98488VAL2.66799LEU2.4771010GLU3.2621111GLU3.4951212LYS3.9751313SER2.9641414LYS2.9281515LYS3.6011616GLU2.5831717GLU3.0441818LEU3.2971919THR3.3662020SER0.8782121LYS1.2172222THR2.6262323LYS1.8732424LYS1.8322525GLU1.0212626ILE1.7222727ASP−0.3382828ALA−1.6172929ALA1.3543030PHE0.3743131GLU−0.4053232GLN0.5113333PHE0.8883434ASN0.6393535LYS2.6493636ASP2.6683737THR0.5783838LEU1.0663939LYS1.5134040PRO0.394141GLY−1.7874242GLU−2.3624343LYS−0.2724444VAL−0.9924545GLU0.9224646GLU−1.024747ALA−2.8084848GLN−0.4234949GLY−0.9125050SER−3.4515152TYR−0.715253PRO−2.6835357TYR−2.715458LYS−2.4055560LEU−1.9625661GLU−1.7445762LEU0.1045863GLU2.7325964ILE2.386065GLY2.2126166SER4.4356267LYS4.9896368GLU4.3616469PRO5.0546570GLN3.0186671ASN5.096772GLU5.4096873GLU4.5926974LYS4.4267075ILE3.9617176TYR5.3927277GLY4.1437378SER5.2447479TRP5.897580GLN5.0227681THR4.117782TRP3.9647883ASN5.2447984ALA4.1318085LYS4.1378186TRP4.9538287ASP4.1528388GLN4.0628489TRP5.5778590SER5.2378691ASN4.5568792ASP5.1228893TRP3.7938994ASN3.6539095ALA4.5669196TRP3.8369297GLU5.6749398SER2.6689499ASP2.50495100TRP0.61396101GLN−0.29297102ALA−1.929

3.6. Antigenicity and allergenicity evaluation {#sec3.6}
----------------------------------------------

The probability of the whole vaccine antigenicity was estimated 0.922525% by the ANTIGENpro and 0.4807 by the VaxiJen (threshold is 0.4). Based on the AllergenFP result, the vaccine was probable Non-allergen; additionally, the Algpred showed the protein was a non-allergen.

3.7. Molecular dynamic simulation {#sec3.7}
---------------------------------

To ensure that the conditions have been well-controlled during MD simulation, some important parameters were evaluated before analyzing the results. In this regard, pressure, temperature, density, and energy values were assayed. The obtained values for these parameters indicated MD simulation is done correctly.

Firstly, the analysis of MD trajectories was performed for the monomeric system. Root-mean-square deviation (RMSD) parameter was evaluated to investigate the stability of the protein chain throughout MD simulation. As seen in [Fig. 3](#fig3){ref-type="fig"} a, RMSD plot of backbone atoms of this protein chain shows a significant increase up to 15 ns, but it reaches to steady-state at the rest of simulation time. Since RMSD parameter cannot determine the flexible and rigid regions of a protein chain, Root-mean-square fluctuation (RMSF) values of all residues were assayed as well. All residues in the N- and C-terminal regions show the high fluctuations ([Fig. 3](#fig3){ref-type="fig"}b). They have fewer intra-molecular interactions than other residues so that they, and their neighbor residues showed high mobility during MD simulation. Moreover, some residues in the other regions of protein have endured a high fluctuation as well. The majority of these residues are placed in the linker or T-helper regions. The most side chains of these residues have been exposed to solvent molecules, so they have also established a few intra-molecular interactions with other residues over MD simulation time.Fig. 3(a) Backbone RMSD plots of the monomeric chain, (b) RMSF plots of all the residues of monomeric chain, (c) Rg plot of the monomeric chain.Fig. 3

The Radius of Gyration (Rg) of a protein is a measure of its compactness \[[@bib42]\]. This parameter is estimated as follows:$$R_{g} = \ \left( \frac{\left. \sum_{i} \middle| r_{i}|^{2}\ m_{i} \right.}{\sum_{i}m_{i}} \right)^{2}$$Where *m* ~*i*~ is the mass of atom *i* and r~*i*~ the position of atom *i* with respect to the center of mass of the molecule.

Changes in the R~g~ values of the monomeric chain are presented in [Fig. 3](#fig3){ref-type="fig"}c. It is clear that the displacements in RMSD and RMSF plots have been led to decrease Rg values during MD simulation. According to aforesaid equation, decreasing in Rg values indicates the reduction in distance of atoms from the mass center of the protein so that the protein chain has been folded during this time. Superimposition of initial configuration over the obtained structure at the end of MD simulation time confirms this trend ([Fig. 4](#fig4){ref-type="fig"} ).Fig. 4Superimposition of initial configuration of monomeric chain (cyan) over its structure obtained at the end of MD simulation time (magenta).Fig. 4

In the second step, trajectory analysis was done for homo-dimer system. Firstly, RMSD parameter was evaluated for the backbone atoms of two protein chains. Both chains had suitable stability over MD simulation, although chain A was slightly more stable. They reached to steady state after about 10 ns ([Fig. 5](#fig5){ref-type="fig"} a). RMSF plots of both chains are almost similar although the residues of chain B have endured little more fluctuations than the chain A. All residues of the both protein chains showed few fluctuations in homodimer system in comparison with the monomeric system, especially in Pentamer, Trimer regions and their neighbors ([Fig. 5](#fig5){ref-type="fig"}b).Fig. 5(a) Backbone RMSD plots of two protein chains in homodimer structure, (b) RMSF plots of all the residues of two protein chains in homodimer structure, (c) Rg plot of two protein chains in homodimer structure, (d) The number of hydrogen bonds between two protein chains in homodimer structure during MD simulation, (e) Distance between the center of mass of two protein chains in homodimer structure during MD simulation.Fig. 5

Rg parameters were also measured for both chains over MD simulation. According to [Fig. 5](#fig5){ref-type="fig"}c, Rg values of chain A have decreased throughout 100 ns MD simulation, although it suffered some fluctuations during this time. Howsoever Rg values of chain B have increased during the first half of simulation time, Rg plot of this chain has shown a decreasing trend at the rest of simulation time ([Fig. 5](#fig5){ref-type="fig"}c). In fact, MD simulation prepared a suitable opportunity for two protein chains to get the best configuration. In other words, they tried to have more stable conformation over this time. RMSD, RMSF, and Rg plots of chain B indicate that it has tolerated further displacement in order to improve its configuration and interactions relative to chain A.

The number of hydrogen bonds were also evaluated between chain A and chain B over MD simulation time. As seen in [Fig. 5](#fig5){ref-type="fig"}d, it has endured some fluctuations up to 60 ns, and finally it has reached to steady state. Obviously, the obtained structure at the end of simulation time has more hydrogen bonds in comparison with the initial structure.

Distance between the mass center of two protein chains in the homodimer system was also measured during MD simulation time ([Fig. 5](#fig5){ref-type="fig"}e). It is obvious that this distance has decreased significantly up to 60 ns. It has been almost stable from the 100th ns. The similar trend between [Fig. 5](#fig5){ref-type="fig"}d and [e](#fig5){ref-type="fig"} shows the distance between the center mass of two protein chains has affected by the number of hydrogen bonds between two chains.

Solvent accessible surface (SASA) parameter was also measured during MD simulation ([Fig. 6](#fig6){ref-type="fig"} ). Hydrophilic SASA was presented for the epitope parts of protein chains, whereas hydrophobic SASA was shown for Pentamer, and Trimer parts. The increasing trend of the hydrophilic SASA values of the epitope parts ([Fig. 6](#fig6){ref-type="fig"}a), and hydrophobic SASA values of Pentamer, and Trimer parts indicate that the epitope parts prefer to interact with solvent molecules during 150 ns MD simulation while Pentamer, and Trimer parts incline to establish hydrophobic interactions in the course of this time ([Fig. 6](#fig6){ref-type="fig"}b).Fig. 6(a) Hydrophilic solvent accessible surface area (SASA) of the epitope parts of protein chains in homodimer structure, (b) Hydrophobic solvent accessible surface area (SASA) of PENTAMER, and TRIMER parts of protein chains in homodimer structure. Dark blue, red, magenta, orange colors have been used for chain A. Yellow, blue, green, grey colors have been used for chain B.Fig. 6

Eventually, the final snapshot of homodimer system at the end of the simulation was superimposed over the initial structure that has obtained from docking process. According to [Fig. 7](#fig7){ref-type="fig"} , the structure of this system has not changed significantly over MD simulation while protein folding has happened during this time to achieve a more sustainable state.Fig. 7Superimposition of docking model of homodimer structure (chain A and chain B are shown in cyan and magenta, respectively) over its structure obtained at the end of MD simulation time (chain A and chain B are shown in blue and red, respectively).Fig. 7

4. Discussion {#sec4}
=============

According to NIH reports, *Streptococcus pneumoniae* is still one of the main sources of morbidity and mortality worldwide, especially in children and elderly and categorized into high burden disease \[[@bib43]\]. The capsular polysaccharide (CPS) is recognized as an important virulence factor of *S*. *pneumoniae*; moreover, based on CPSs the *S*. *pneumoniae* is categorized into 95 distinct serotypes. There are ten common serotypes, 4, 6 (6A/6B/6C/6D), 9V/9A, 14, 15F/15A, 15B/15C, 18 (18F/18A/18B/18C), 19F, 19A and 23F, that are the main reason for most pediatric pneumococcal infections worldwide \[[@bib44]\]. In the context of antibiotic therapy, common medication to fight bacterial infections, can lead to the emergence of antibiotics resistance *S. pneumoniae* strains; in this regard, designing the efficient preventive vaccine can be the rational choice \[[@bib45]\]. Recently, in some country, child and elderly pneumococcal vaccination have been added to the national immunization program \[[@bib46]\]. Now, the PPV and PCV pneumococcal vaccines are available in the market and could prevent individuals from different types of pneumococcal disease, but in some cases, serotype replacement caused the failure of vaccination \[[@bib47]\]. Complications and high-cost of PCVs production have caused this vaccine to become unaffordable, especially in developing countries \[[@bib48]\]. There are some strategies to overcome serotype replacement phenomena; firstly, the addition of new pneumococcal serotypes e.g. 22F, and 33F to PCV-15, this approch is currently on phase 3 clinical trial \[[@bib49]\]. The second approach is employing the whole-cell pneumococcal vaccines; in this method, the attenuated or inactivated pathogen can be used \[[@bib50]\]. An appropriate alternative to polysaccharide-based vaccines, is applying pneumococcal protective antigen in vaccine construct. There are several conserved proteins \[[@bib51]\] among different *S. pneumoniae* serotypes, most of them are surface proteins such as PspA, CbpA, and PhtD \[[@bib52]\]. In this regard, in our previous immunoinformatic study, the immunodominant epitopes were selected from four antigens, PspA, CbpA, PhtD, and PiuA \[[@bib53]\]. Recently, epitope-based vaccines have been introduced as a safer alternative to previous types of vaccines. However, they suffer from some disadvantages such as low immunogenicity. Along with low immunogenicity of peptide vaccines, the variability of immunodominant regions of antigens among different serotypes, is another obstacle in designing efficient peptide-based pneumococcal vaccines \[[@bib54]\]. If the suitable conserve epitope was selected, the vaccine would have high population coverage \[[@bib55]\]. As mentioned-above low immunogenicity is one of the key drawbacks of epitope-based peptide vaccines; to overcome this issue several approaches are employed. Incorporating universal T-helper epitopes into a vaccine is one of the rational strategies for enhancing immunogenicity. Previous studies recommended that diphtheria toxoids (DTD) contain \"universal\" epitopes for human CD4^+^ cells (residues 632-651 and 950-969 of tetanus toxoids, and residues 271-290, 321-350, 351-370, 411-430, and 431-450 of DTD); in this context, Okita BM et al., showed The DTD peptides (residues 271-290 and 331-350) are recognized by over than 80% of the toxoid-sensitized subjects \[[@bib56]\]. In this regard, the sequences 271-290, and 331-350 were selected as universal T-helper epitopes in our study. The efficacy of nanovaccines were confirmed in different investigations, including influenza nanovaccine \[[@bib57]\], chitosan nanoparticle against H1N1 influenza virus \[[@bib58]\], and chaitosan-formulated polyepitope vaccine against pulmonary mycobacterial \[[@bib59]\]. Another important approach for increasing the immunogenicity of peptide vaccine is the use of self-assembled peptide structures, including alpha helical or beta sheet motifs, which can obtain from natural or de novo structures. Coiled-coil and β-sheet bio-structural motifs are the most common scaffold for constructing SAPN vaccine.

Coiled-coil motifs, due to their high stability and well-defined structures have gained more attention in developing SAPN vaccine \[[@bib60]\]. In recent years, because of unique characterizations of SAPN, including biodegradability, biocompatibility, size similarity to pathogen \[[@bib61]\], self-adjuvanticity, and containing repetitive structure \[[@bib62]\], they have been proposed as prominent structure in designing epitope-based peptide vaccine \[[@bib10],[@bib63]\]. Each SAPN monomer, the subunit that oligomerizes to form the nanoparticle, contains two coiled-coil domains fused together by proper linkers, which are able to oligomerize, and consequently, form nanoparticles. In the context of SAPN formation mechanism, two α-helical coiled-coil domains, the pentameric coiled-coils that is derived from an N-terminal peptide of cartilage oligomeric matrix protein, and the trimeric coiled-coils that are made through de novo designed C-terminal leucine zipper peptide are linked by two glycine residues to form higher-order nanoparticles; these domains are self-assembled by a combination of hydrophobic and electrostatic interactions existing within the residues of coiled-coil domains \[[@bib64],[@bib65]\]. In recent years, different SAPN-based vaccines have been designed and evaluated against various pathogens, including *Toxoplasma gondii*, human immunodeficiency viruses (HIV), *Plasmodium falciparum*, severe acute respiratory syndrome (SARS) coronavirus \[[@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71]\]. Although Chen et al. study, showed the trivalent antigen combination of YLN (protective peptide epitopes from CbpA) and L460D (fragment of PspA) as epitope vaccine elicited the strong and broad protection in diverse pneumococcal challenge models \[[@bib72]\], but there isn\'t any report on the production of epitope-based SAPN vaccine against *S. pneumoniae*.

In our study, for the first time, the antigenic B-cell epitopes are added to either the N or C terminal ends of the gene encoding the monomer. In the same way T-cell epitopes were incorporated into the vaccine construct that can activate both the humoral and cellular arms of the immune system. Besides, a trimmer and pentamer domains were used as the scaffold of SAPN ([Fig. 1](#fig1){ref-type="fig"}) and the selected T- and B-cell epitopes were fused to monomer by proper linkers; the applied linkers can enhance proteasome-mediated cleavage, binding to TAP transporter processes, and playing a role as helical linker for increasing the immunogenicity of vaccine construct \[[@bib73], [@bib74], [@bib75]\].

The physicochemical and immunological properties of our peptide vaccine was evaluated by different computational tools, which indicated that it is the structurally stable, antigenic and non-allergenic protein. The population average of the scaled solubility value (Query Sol) in protein-sol server was 0.45, and any Query Sol greater than 0.45 is predicted as a high soluble protein \[[@bib76]\]. Therefore, as shown in [Table 2](#tbl2){ref-type="table"}, the selected protein is soluble (Query sol = 0.69), and the result was also confirmed by sol-pro (0.79912). The aliphatic index of protein was 80.72, showed that our protein is thermostable. The instability index of the protein is 25.78, that is less than 40, which shows our protein is stable in the test tube. The GRAVY index of our vaccine is −0.537 that presents the protein has an efficient interaction with water. The four different arrangements of vaccine were designed ([Table 1](#tbl1){ref-type="table"}), afterwards they modeled and refined by various servers to achieve high-quality models. Among all models, the best model was chosen through validation by Ramachandran Plot, ERRAT, VERIFY 3D, and Prosa-web servers. The high-quality 3D model, was applied for the identification of conformational B-cell epitopes and docking process. According to GalaxyHomomer docking score = 1220.742, the 2-mer subunit is the best number of the subunit for our protein; however, the best model was refined and subjected to MD simulation studies. According to the result of DiscoTope server, the final 3D model of vaccine had 97 conformational B-cell epitope residues ([Table 6](#tbl6){ref-type="table"}), which confirmed the vaccine is highly potent in stimulating humoral immunity. The study of secondary structure and exposability of amino acids to solvent demonstrated T and B-cell epitopes regions in final construct are highly exposed to solvent than trimmer and pentamer regions ([Fig. 2](#fig2){ref-type="fig"}), which can be concluded the pentamer and trimmer segments are located in the core region of vaccine, and the epitopes parts are located on the surface of oligomer. Additionally, evaluation of the solvent accessible surface (SASA) parameter that measured during MD simulation ([Fig. 6](#fig6){ref-type="fig"}) indicates epitope parts have preferred to interact with solvent molecules (hydrophilic part) during 150 ns MD simulation while pentamer, and trimmer parts have inclined to establish hydrophobic interactions during this time. Evaluation of the R~g~ values during MD simulation indicated decreasing Rg values that mean decreasing the distance of atoms from the center of mass of the protein, so that confirmed the protein chain has been folded during this time. However, superimposition of initial configuration and end of simulation time of MD simulation confirmed the stability of the designed monomeric chain during 150 ns MD simulation time. On the other hand, homodimer structure that was chosen by docking process showed appropriate stability in the course of this time as well. To obtain the best position relative to each other, two protein chains of homodimer structure tried to establish more stable intermolecular interactions and get better configuration during MD simulation time.

5. Conclusion {#sec5}
=============

In this study, in order to design a self-assembled peptide nanovaccine against pneumoniae, the immunodominant CD4 and CD8 epitopes were selected from PspA, CbpA, PiuA, PhtD of *S. pneumoniae* antigens. DTD as T-helper was incorporated to vaccine to increase the immunogenicity of vaccine; moreover, the pentamer and trimer oligomeric domains as the coiled-coil self-assembled structures were employed in vaccine construct. In sum, in our study different strategies were applied to develop protective SAPN vaccine against *S. pneumoniae*; however, the potency of designed vaccine should be confirmed via different *in vitro* and *in vivo* immunological assays.
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[^1]: H, E, and C stand for alpha-helix, beta-sheet and coil, respectively.

[^2]: B, M and E stand for Buried, Medium and Exposed residues, respectively.

[^3]: The best 3D model among all modeled sequences (sequence 2 Model 5) is in bold font.

[^4]: The 2-mer structure has the best docking score among different homo-oligomer structures, and is represented in bold font.
